Aneuploidy is frequently observed in cancers and is considered a crucial mechanism in cancer development. STAG2 is a gene that encodes a component of cohesion complex required for normal chromosomal segregation. Recently, somatic mutation of STAG2 gene and loss of STAG2 protein have been reported in glioblastoma, Ewing's sarcoma and melanoma. The aim of this study was to see whether such alterations of STAG2 are also common in other cancers. In this study, we analyzed STAG2 somatic mutation in 45 colorectal carcinomas (CRC), 45 gastric carcinomas (GC), 45 breast carcinomas, 45 non-small cell lung cancers and 45 prostate carcinomas (PCA) by single-strand conformation polymorphism. We analyzed also STAG2 protein expression in 100 GC, 103 CRC and 107 PCA by immunohistochemistry. STAG2 protein was well expressed in normal stomach, colon and prostate epithelial cells, while it was lost in 27% of GC, 23% of CRC and 30% of PCA. The loss of STAG2 was observed irrespective of subtypes, stages and grades of the cancers. However, we could not find any STAG2 mutations in these cancers. The loss of expression of STAG2 in GC, CRC and PCA tissues compared to their corresponding normal cells indicates that STAG2 loss is common in carcinomas as well. The data suggest also that loss of expression of STAG2, but not somatic mutation, might be responsible to STAG2 inactivation and is common in studied types of carcinomas.
Aneuploidy, a type of chromosome abnormality, is an abnormal number of chromosomes that occurs during cell division when the chromosomes do not separate properly between the two cells [1] . Aneuploidy is a common cause of genetic disorders and is frequently observed in cancers (in more than 90% of human solid cancers) [1] [2] [3] [4] [5] . However, it has not been clear that aneuploidy is a cause or a consequence of carcinogenesis. Correlation of specific aneuploidies with distinct cancer phenotypes, elevated chromosomal instability in aneuploid cancer cells and presence of mutations in genes regulating chromosome segregation have suggested that aneuploidy may be a cause of cancers [6] [7] [8] [9] [10] [11] [12] [13] .
Recently, Solomon et al. discovered somatic mutations in STAG2 gene encoding a subunit of cohesin complex that regulates separation of sister chromatids during cell division [14] . In the cell lines with a stable karyotype a targeted inactivation of STAG2 gene led to chromatid cohesin defects and aneuploidy, while in the aneuploid cell lines targeted correction of the endogenous mutant alleles of STAG2 gene led to an enhanced chromosomal stability [14] . The STAG2 mutations were found in glioblastomas, melanomas and Ewing's sarcomas, and consisted of truncating mutations, missense mutations, splicing-site mutations and intragenic deletions [14] . Also, loss of STAG2 protein expression was observed in glioblastomas, Ewing's sarcomas, melanomas, lymphomas, medulloblastomas and colorectal carcinomas in a range of 3-21% depending on the cancer types [14] . These data indicate that expression loss and somatic mutation of STAG2 occur in human cancers, and suggest that inactivation of STAG2 may contribute to tumorigenesis by causing aneuploidy in the cells.
Although loss of STAG2 protein and somatic mutation of STAG2 gene have been identified, most of them have been studied in cancers with non-epithelial origins [14] . In the present study, we analyzed somatic mutation of STAG2 gene and expression of STAG2 protein in several human carcinomas.
Materials and Methods
Polymerase chain reaction (PCR) and single-strand conformation polymorphism (SSCP). For the mutation analysis of STAG2, methacarn-fixed and paraffin-embedded tissues of 45 colorectal carcinomas (CRC), 45 gastric carcinomas (GC), 45 breast carcinomas, 45 non-small cell lung cancers and 45 prostate carcinomas (PCA) were randomly selected for the study. The CRC originated from cecum (N=1), ascending colon (N=7), transverse colon (N=2), descending colon (N=2), sigmoid colon (N=13) and rectum (N=20). The GC consisted of 22 diffuse-type, 17 intestinal-type and six mixed-type GC by Lauren's classification, and 45 advanced GC according to the depth of invasion. The non-small cell lung cancers consisted of 24 adenocarcinomas and 21 squamous cell carcinomas. The breast carcinomas consisted of 45 invasive ductal carcinomas (10 grade I, 17 grade II and 18 grade III). All of the patients were Asians (Korean). Approval was obtained from the Catholic University of Korea, College of Medicine's institutional review board for this study. For the solid tumors, tumor cells and normal cells from the same patients were selectively procured from hematoxylin and eosin-stained slides using a 30G1/2 hypodermic needle by the microdissection. DNA extraction was performed by a modified single-step DNA extraction method by proteinase K treatment.
Coding sequence of STAG2 gene (NM_001042750) consists of 33 coding exons (exons 3-35) that translate 1268 amino acids. In the previous report, a vast majority (83% (10/12)) of STAG2 mutations in the coding region and splice-sites were found in exons 9, 11, 12 and 20 [14] . Thus, we analyzed these exons by PCR-SSCP. Genomic DNA each from tumor cells and normal cells from the same patients were amplified with five primer pairs covering these exons of human STAG2 gene. Radioisotope ([ 32 P]dCTP) was incorporated into the PCR products for detection by autoradiogram. After amplification, PCR products were denatured and were loaded onto SSCP gel (Cambrex Bio Science Rockland, Rockland, ME). Other procedures of the PCR-SSCP were described in our previous studies [15, 16] . Mobility shifts on SSCP were determined by visual inspection. Sequencing of the PCR products was carried out using a capillary automatic sequencer (3730 DNA Analyzer, Applied Biosystem, Carlsbad, CA). To confirm the SSCP data, we repeated the PCR-SSCP twice.
Tissue microarray (TMA). Overall, 11 TMA recipient blocks were used in this study for immunohistochemisty of STAG2. The TMA contained paraffin-embedded PCA (four blocks), GC (six blocks) and CRC (one block) tissues from archival patient specimens, previously fixed in 10% formaldehyde. The CRC (N=103) originated from cecum (N=2), ascending colon (N=19), transverse colon (N=6), descending colon (N=4), sigmoid colon (N=28) and rectum (N=44). TNM stages of the CRC were 35 I, 30 II, 31 III and seven IV. From each donor CRC block, four cylinders (one from normal and three from cancer tissues) of 1.0-mm diameter tissue were taken from representative areas. Ages of the patients ranged from 29-80 years with an average of 53.6 years. The GC (N=100) consisted of 50 diffuse, 36 intestinal and 14 mixed-type GC by Lauren's classification, and 4 early GC and 96 advanced GC according to the depth of invasion. TNM stages of the GC were four IA, 15 IB, 79 II and two IIIA. From each donor GC block, two cylinders (one from normal and one from cancer tissues of each patient) of 2.0-mm diameter tissue were taken. Ages of the GC patients ranged 29-89 years with an average of 60 years. The PCA (N=107) consisted of one Gleason score 5, 10 score 6, 47 score 7, 10 score 8 and 39 score 9 cancers. Ages of the PCA patients ranged 43-77 years with an average of 67.6 years. Sizes of the cancers ranged 1.1-5.0 cm in diameter with an average of 2.5 cm. From every archival paraffin block, five cylinders (two from normal and three from cancer tissues of each patient: total 535 cylinders) of 1.0-mm diameter tissue were taken from representative areas.
Using sections from the TMA, immunohistochemistries for STAG2 were performed using DAKO REAL EnVision System (DAKO, Glostrup, Denmark) with a mouse monoclonal antibody against human STAG2 (Santa Cruz Biotechnology, Santa Cruz, USA; dilution 1/50). After deparaffinization, heat-induced epitope retrieval was conducted by immersing the slides in Coplin jars filled with 10 mmol/L citrate buffer (pH 6.0) and boiling the buffer for 30 min in a pressure cooker inside a microwave oven at 700 W. Sections were incubated overnight at 4°C with the primary antibody. The reaction products were developed with diaminobenzidine and counterstained with hematoxylin. Other procedures were described in our previous studies [17] . Tumors were interpreted as positive by immunohistochemistry when nuclear staining was seen in greater than 30% of the neoplastic cells. The results were reviewed independently by two pathologists. As negative controls, a slide was treated by replacement of primary antibody with the blocking reagent. For the statistical analysis of the data, we used Fisher's exact test and χ 2 test.
Results
Genomic DNAs isolated from the 45 CRC, 45 GC, 45 breast carcinomas, 45 non-small cell lung cancers and 45 PCA tissues were analyzed for detection of somatic mutations in STAG2 gene by PCR-SSCP analysis. On the SSCP autoradiograms, all of the PCR products were clearly seen. However, none of the SSCP from the microdissected cancer cells revealed aberrantly migrating bands compared to wild-type bands from normal tissues, indicating there was no evidence of STAG2 mutation in the cancers analyzed (Figure 1) . To confirm the SSCP data, we repeated the experiments twice, including tissue microdissection, PCR and SSCP to ensure specificity of the results, and found that the data were consistent.
With the immunohistochemical approach using TMA, we analyzed expression of STAG2 in normal and tumor tissues from GC, CRC and PCA patients. The data of the immunostainings are summarized in Table 1 . There was no variation of staining between the cores from the same tumors. In the GC, immunopositivity for STAG2 was observed in 73 (73.0%) of the 100 cancers (Figure 2A and B) . According to the Lauren's subtypes, STAG2 immunostaining was similarly detected in the GC irrespective of the subtypes (77.8% of the intestinal-type GC, 72.0% of the diffuse-type GC and 64.3% of the mixed-type GC). By contrast, normal mucosal epithelial cells (surface mucosal cells, mucosal glandular cells and fundic gland cells) showed STAG2 immunopositivity in all of the cases (Table 1, Figure 2C ). In the CRC, immunopositivity for STAG2 was observed in 79 (76.7%) of the 103 cancers ( Figure 2D and E). Normal colonic mucosal epithelial cells showed STAG2 immunoreactivity in 100% of the cases ( Figure 2D and F) . In the PCA, immunopositivity was observed for STAG2 in 75 (70.1%) of the 107 cancers ( Figure 2G and H) . In normal prostate glands, STAG2 expression was observed in both basal and alveolar cells ( Figure 2G and I) . The STAG2 immunostaining, when present, was found in the nuclei of the cells, but negative or very weak in the cytoplasm (Figure 2A, C, D , F, G and I). Negative control using the blocking solution instead of the primary antibody showed no signal ( Figure  2J ). For STAG2 negative samples by immunohistochemistry, we tested other antibodies and found that they were accessible to them (data not shown).
Statistically, there were differences of STAG2 immunostaining between normal and GC (Fisher's exact test, p< 0.001), normal and CRC (Fisher's exact test, p < 0.001), and normal and PCA (Fisher's exact test, p< 0.001). There was no statistical difference of STAG2 immunostaining among GC, CRC and PCA (Fisher's exact test, p > 0.05). There was not any difference of the STAG2 expression with respect to Lauren's subtypes in GC, TNM stages of GC, TNM stage of CRC and Gleason grades in PCA (Fisher's exact test, p > 0.05). Next, we analyzed the relationship of the immunostaining with various pathologic parameters (age, sex, and depth of invasion). However, there was no significant association (χ 2 test, p > 0.05).
Discussion
Frequent observation of aneuploidy in human cancer cells and its causal implication in tumorigenesis [6] [7] [8] [9] [10] led us to analyze somatic mutation and expression of STAG2 gene, mechanisms involved in aneuplidy production in cancer cells, in GC, CRC and PCA tissues. In the present study, the data showed that STAG2 protein was well expressed in normal gastric, colonic and prostate epithelial cells. However, its expression was lost in 27% of gastric, 23% of colorectal and 30% of prostate cancers. Of note, the STAG2 loss was observed in these cancers irrespective of TNM stages and histologic subtypes. By contrast, we found no STAG2 somatic mutations in GC, CRC, PCA, breast cancers and lung cancers. Together, these data indicate that loss of STAG2 expression, but not somatic mutation of STAG gene, might be a feature of common solid cancers, and suggest that such loss of STAG2 expression might contribute to their pathogenesis by producing aneuploidy in cancer cells.
To our knowledge, there has been only one immunohistochemical study on STAG2 expression in human cancers [14] . In that study, loss of STAG2 expression was observed in 21% of Ewing's sarcomas, 19% of glioblastomas, 19% of melanomas, 5% of medulloblastomas, 3% of colorectal cancers and 2% of lymphomas. Together, our data and the previous data show that loss of STAG2 expression is widespread in human cancers, and is present in carcinomas as well as in non-carcinomatous malignancies. However, there is a significantly difference of STAG2 loss in colorectal cancers (Fisher's exact test, p < 0.001) between our study (21%) and the earlier study (2%). Whether this discrepancy is originated from ethnic difference or other factors remains to be identified in further studies. The previous study identified STAG2 somatic mutations in 10.1% (7/69) of glioblastomas, 29.2% (7/24) of Ewing's sarcomas and 4.2% (2/48) of melanomas (14) . However, we were not able to find STAG2 somatic mutations in 315 cancers from CRC, GC, breast carcinomas, non-small cell lung cancers and PCA. These data could be interpreted several ways. First, STAG2 mutation may be specific to glioblastoma, Ewing's sarcoma and melanomas, while it may be rare in other site of solid cancers analyzed in the present study. Further studies are needed to find STAG2 mutations in other cancers, including various sarcomas. In the previous study [14] , most of the STAG2 mutations (10 of the total 16 mutations) were detected in cancer cell lines. A possible difference in STAG2 mutation between cell lines and primary tissues need to be clarified as well. Under a suitable condition, SSCP is capable of detecting over 90% of mutations within any sequence, and the sensitivity is generally believed to be high if the amplified fragments are 200 bps or less in size [18] . It is possible that some mutational changes may not be detected by SSCP in this study. However, since we have analyzed the samples by SSCP twice times and used primers around 200bp, it can be thought that the missing of STAG2 mutations were very rare in this study.
In our study, we failed to find any relationship of STAG2 expression with available clinicopathologic parameters, including TNM stage and Gleason score. STAG2 expression was observed evenly through low to high TNM stages in GC and CRC, and low to high Gleason scores in PCA. This might be because loss of STAG2 expression might occur at early stage of the cancer development.
Deletion of chromosome Xq25, where STAG2 is mapped, is occasionally observed in some cancers, including ovarian cancer, AML and glioblastoma [14, [19] [20] [21] . In addition, somatic mutation of STAG2 gene was identified as a main cause of STAG2 loss in glioblastoma, Ewing's sarcoma and melanoma [14] . In our study, we analyzed somatic mutation of STAG2, a possible cause of STAG2 loss, but could not find any of STAG2 mutations. Although we did not analyze deletion of Xq25 in the present study, it doesn't seem that deletion of Xq25 can fully explain the frequent loss of STAG2 expression in the cancers analyzed in this study, because deletion of Xq25 is not known to be common in these cancers [22] . Other gene silencing mechanisms such as promoter methylation and transcriptional downregulation might contribute to of STAG2 loss in these cancers.
In summary, the present study discovered that STAG2 expression is lost in about one fourth of gastric, colorectal and prostate cancers compared to their normal cells, suggesting its contribution to their tumorigenesis. To see whether loss of STAG2 expression is a general mechanism that medicates aneuploidy development in human cancers, it may be necessary to analyze expressional alterations of STAG2 together with somatic mutation in other cancers.
